In order to increase the working range and the maximum weight flow of electric motor driven axial flow compressors with variable stators at each stage for use in blast furnace application, a model unit of the compressor with two-stage variable stator having a relatively small hub-tip ratio was constructed and tested, and its performance characteristics with variable speeds and variable stators were measured and compared with the predicted performance. The tests were carried out up to the peripheral velocity of 1070 fps and stator setting angles of from 20 to --20 deg from design. The tests generally showed the results expected, but surge had risen much earlier than predicted, and the performance near the hub was not satisfactory.
INTRODUCTION
The compressors for blast furnaces in the past'were driven almost exclusively by steam turbines and fitted to air volume and pressure ratio requirements by varying their rotational speed, but nowadays, many axial compressors are driven by electric motors. This is due to the fact that it is more efficient and economical to generate electric power by a large steam turbine plant than to drive many steam turbines by burning blast furnace gas for many small boilers.
Moreover, there are many advantages, namely, quick starting, quick response in regulation and fewer operators required because of less trouble in maintenance, inspection, etc. But when compressors are driven by electric motors, their rotational speed is regulated by the frequency of the electric source so that the maximum weight flow will naturally be limited. Axial compressors for blast furnaces of late are of large capacity, and many are constructed of driving power of 50,000 to 60,000 kW, pressure ratio of 5 at design point and the maximum volume flow of 350,000 N cu ft/min. which are near to the limit in the case of a 60-cycle, 3600-rpm machine. Accordingly, in order to pass as large a volume of air as possible, it is necessary to select a suitable cascade of blades and least possible hub-tip ratio. However, if the hub-tip ratio is decreased and the annular area is increased, it becomes necessary to increase fluid deflection near the hub because of the decrease of peripheral velocity. This inevitably leads to the increase of blade loading.
Axial compressors for ordinary industrial use are limited to a hub-tip ratio of 0.65 in order to maintain the pressure ratio of each stage, but with the present test, a model of an axial flow compressor with variable stators hav-NOMENCLATURE C m = axial velocity D.F. = diffusion factor D.P. = design point G = weight flow m = deviation coefficient n = rotational speed P = atmospheric pressure Pt = total pressure Pt4 = total pressure between the inlet guide vane and the first-stage rotor ing large weight flow was constructed by decreasing the hub-tip ratio to 0.55 in order to deal with the weight flow, extend the scope of the operation, and elevate the efficiency by selecting a suitable flow coefficient and pressure coefficient.
COMPRESSOR DESIGN
In the case of axial compressors for blast furnaces, a high efficiency is required over the wide range of operation, so a suitable cascade of blades must be employed for this purpose. To select the most suitable cascade on the condition that it has flow type to have untwisted stator blades, design volume flow of 388,000 N cu ft/ min., pressure ratio of 7 and rotation speed of 3600 rpm, the performance of various cascades with varying flow coefficient, reaction factor and blade loading were calculated and compared with the other performance. Performance calculations are based on Howell's one-dimensional analytical method (1) 1 and corrected according to numerous test data. As a whole, the calculation results showed that where a were equal to or less than -15 deg, there was no operating point in the choking or surge region. When the diffusion factor at the design point was lowered, the working range became wider between design point and surge. It was better to lower the reaction factor and flow coefficient to some limit. Considering these results, the compressor having the performance in Fig. 1 was selected as the most suitable one, and it was decided to construct a 1/3 size model to measure its performance characteristics. Untwisted stator blades were used for easy manufacturing so that the swirl distribution 1 Numbers in parentheses designate References at end of paper.
2 used in the design was nearly equal to the type of constant flow angles at the stator outlet, but slightly corrected to adapt to the pitch-chord ratio distribution along the blade span. As a radial equilibrium equation for selecting the velocity triangles of the radius other than representative, a simple radial equilibrium equation was used and the axial velocity before and after the cascades was calculated. The cascades were designed in applying their arithmetic means.
On industrial compressors the fluid inlet angles before the inlet guide vanes are generally distorted by the influence of suction volute casing so that pitch-chord ratio of the inlet guide vanes was made considerably small to correct the flow direction and prevent the vane from stall. The chord length of the vane was lengthened in proportion to the size of the radius in order that the pitch-chord ratio will become constant along the radius so as to make the fluid outlet angle from the vane to be constant. Design of the inlet guide vane is based on the data in reference (2) . NACA 65 series blade sections with circular arc camber line were chosen for the rotor and stator blades. Stator blades had a constant chord and were untwisted. The thickness of the stator blades was set at 6 percent of the chord length at the outer diameter and 11 percent of the chord length at the inner diameter. The rotor blades also had a chord of constant length, with thickness being set at 4.6 percent of the chord length at the tip and 11.8 percent of the chord length at its root. Table 1 shows the design characteristics of this model.
In designing the annular area, the wall boundary-layer blockage was estimated to be 1 percent of the annular area at the first-stage rotor inlet and thereafter increases 0.5 percent at each row of the blade, and the annular area of the model was increased correspondingly. The tests were carried out in two groups, the first being the measurement of overall performance characteristics and the second, the detail measurement of the blade element performance at the design mass-flow rate.
In the measurement of the overall performance characteristics, total pressure was obtained by use of the radial stagnation pressure rakes at the inlet guide vane outlet stations and the first and the second stator outlets. The values of the five points along the blade span and of the 12 points along the circumference at one spacing of the blade were measured, and their arithmetical averages were used. The shape of the rake tip is nearly equal to that in reference (3) . half cylindrical stagnation copper-constantan thermocouples fitted at the stations of suction volute casing inlet and delivery diffuser. The shape of the probe is equal to that in reference (3). The rotational speed was measured with the electromagnetic pickup.
In the measurement of the overall performance characteristics, two types of tests were carried out, namely, measurement of the variable speed performance and that of the variable stator setting angle performance. The investigation of the variable speed performance was conducted at corrected rotational speeds of from 40 to 110 percent at the intervals of 10 percent. For each value of rotational speeds, the weight flow of the air was varied from open throttle to surge at the design stator blade setting angles. The variable stator setting angle performance was also investigated at stator and IGV setting angles different from the design by 20, 15, 10, 0, -5, -10, -15, and -20 deg at the design rotational speed and at 10 percent overspeed.
An evaluation of the accuracy of the data showed a maximum error in rotation speed of + 5 rpm, in pressure of + 0.1 in. water to + 0.1 in. Hg according to the measuring instruments. Dimensional error of the thickness and coordinate was within + 0.008 in. An error in thermal efficiency was within 2 percent at a design point, but was fairly large in the lower rotational speed ranges. The maximum error in the blade setting angle was within 0.3 deg in the stator blades and 0.5 deg in the rotor blades.
In the detail measurement of the blade element performance, pressures and flow angles were measured by a three-tube cobra probe at the 12 points of circumferential survey at one spacing of the blade and their arithmetical averages were used. As the degree of accuracy of the measurement by the three-tube cobra probe will fall after the stationary blades due to the blade wakes and shear flow, the instrumentation stations were located at about 3 in. from the blade trailing Measurements from the minimum of 12 points to the maximum of 15 points along the blade span were carried out. Using the center tube pressure, side tube pressures, flow angle and correction factor taken from two-dimensional calibration tests, the velocity of the air was calculated. The temperature was measured at the suction volute casing inlet, first-stage stator outlet, and delivery diffuser. The maximum error of the air angle measurement was within + 0.1 deg, but in the region where the influence of the blade wake was noticeable, the result was thought to be considerably worse than this.
RESULTS AND CONSIDERATION
In the figures, fine lines show the design value or anticipated performance, while thick lines show the test results. The predicted performance is based on the Howell's method as explained before. Compressor surge is thought to occur at a point where the diffusion factor reaches 0.58.
The overall performance of the compressor at variable speeds is shown in Fig. 8 over the range of corrected weight flow. The surge line was determined by the measured surge point weight flow alone. As a whole, the experimental values of total pressure ratio and weight flow are precise enough, but the temperature measurement is inaccurate, so that the test results of adiabatic efficiency are widely varied. This is attributa- values at the first and second stages. In lowspeed ranges, these two agree with the predicted values, but in high-speed ranges, there seems to be a certain difference.
The overall performance of the compressor based on variable stator setting angles at design speed is shown in Fig. 10 . Compared with the predicted value, the total pressure ratio is low and the working range is very narrow up to the ear- Especially in the case of L\,, = -15 and -20 deg, the test results show a strange performance in that the total pressure ratio decreased with the decrease in weight flow. This seems to be due to the drop in the total pressure rise near the hub of the first and second stages, but the surge did not occur in spite of the existence of blade stall near the hub. Fig. 11 shows the compressure overall performance based on variable stator blade setting angles at 10 percent overspeed where the compressor peripheral speed at the tip was 1069
fps. This figure does not show the strange phenomena such as at the design rotational speed, but the similar drop in the pressure had occurred near the hub. As a whole, there is not much difference in the performance between this and the design speed, but the working range is somewhat wider in this case and no fall in the performance due to high Mach Number is noted.
The radial distribution of total pressure at the design speed is shown in Fig. 12 for stator setting angles of 20, 15, 10, 5, 0, -5, -10, -15, and -20 deg from the design over a range of valve throttling. There was a tendency for the total pressure rise in the vicinity of the hub to increase as the stator blade setting angles decreases. As a whole, total pressure rise near the hub at the first stage was little compared with the tip, and according to the valve throttling the total pressure rise near the tip had increased, but much increase was not detected near the hub. On the other hand, at the second stage, the total pressure rise has increased regularly along the blade span through all radii with valve throttling, so that it is assumed that the drop in the overall performance is attributable to the poor performance in the vicinity of the hub of the first stage. In a = -15 deg, the total pressure near the hub of the first-stage stator outlet has decreased with the valve throttling. In A = -20 deg, this tendency is much more remarkable. Obviously, the stall is thought to have occurred, but the compressor has not entered the surge. It seems that owing to this depression in the total pressure, the total pressure-weight flow curves have shown such a strange curve to fall leftward. This tendency in the first-stage stator outlet has continued to the second-stage stator outlet, and the total pressure near the hub has decreased with the valve throttling. This is attributable to the fact that the effect of blade thickness on the change of the turning angle and loss coefficient has not been considered.
As indicated in references (4) and (5), the performance of the blade cascade is influenced by the blade thickness, and so it is necessary to employ the thin rotor blade near the hub or to employ a slightly greater hub-tip ratio. For the detail analysis, it is necessary to measure the total temperature and total pressure at these offdesign points by the traverse of yawmeters and total temperature thermocouples. It seems that there is a total pressure rise nearer the tip than on the hub with the valve throttling.
The detail measurement of the blade element performance by the three-tube cobra probes was carried out at the design speed of 10,277 rpm, design setting angles of the stator blades, and the weight flow of 53.2 lb/sec. Traverse point is related to the overall performance map, Fig. 8 .
This approximately corresponds to the design point. The instrumentation stations are located at six places, namely, the inlet guide vane inlet and outlet, the first-stage stator inlet and outlet, and the second-stage inlet and outlet. In the following figures, the ordinate shows the Concerning the circumferential distribution of flow angle, velocity, etc., the strong influence of the wakes of the stationary cascades of the blades had appeared in the hub and the casing boundary layers; as there was a distance of about 3 in. between the instrumentation station and the blade trailing edge, the strength of the blade wakes had decreased considerably in the main stream. Fig. 13 shows the radial distribution of local flow coefficients. At the inlet guide vane inlet, there is a region on the hub where axial velocity is fast due to the influence of the inlet casing and the flow coefficient is not uniform, but at the inlet guide vane outlet, the coefficient became uniform, thus showing the regulating effect of the inlet guide vanes.
In the first-stage rotor outlet, the flow coefficient was also uniform, but in the firststage stator outlet and thereafter, the distribution of the measured coefficient was quite different from the design. The radial distribution of the absolute flow angles is shown in Fig. 14. The bad angle distribution was obtained before the inlet guide vane due to the bad influence of the suction volute casing, and it turned in the direction of rotor whirl in the vicinity of the hub. At the inlet guide vane outlet, the test data were only 2 deg different from the design, and so the inlet guide vane showed very good performance.
Judging from the foregoing, it seems better that the inlet guide vanes should have the pitchchord ratio of the present design value (about 0.67) irrespective of the load of the inlet guide vanes. Inlet flow angles of the first stator blades were about 4 deg greater than those of the design, but outlet flow angles were almost the same as the design. The flow angles at both the inlet and outlet of the second-stage stator blades were much different from the design in the distribution, especially on the hub and around the tip regions.
The radial distribution of relative flow angles is shown in Fig. 15 . The flow angles at the inlet of the first rotor blades were about 3 deg higher, but fluid outlet angles were nearly the same as those of the design. At the inlet of the second rotor blades, the angles of their in-cidences near the hub were large owing to the bad distribution of axial velocity, but at the outlet, they were corrected and became nearly the same as the design. Due to these large incidences at the inlet, the second-stage rotor seems to have a large load coefficient.
The radial variation of total pressure is shown in Fig. 16 . Total pressure ratio on the abscissa presents the total pressure divided by the pressure at a mean radius at the inlet guide vane inlet. At the inlet guide vane inlet, the distribution of the angles was bad, but the total pressure was constant along the blade span in spite of undesirable influence of suction volute casing. At the inlet guide vane outlet, the distribttion was generally uniform, but at the first rotor outlet and thereafter, the total pressure ratio near the hub was comparatively low.
The distribution of static peessure is shown in Fig. 17 . The trend of these values was nearly the same as that of design, and no singular phenomenon was noted.
CONCLUSIONS
Summarizing the investigation of a twostage variable stator axial compressor, the following results were obtained:
1 There was a poor performance near the hub in the rotor and stator cascades, and so it is necessary either to decrease the rotor blade thickness or increase the hub-tip ratio.
2 Surge was assumed to occur at the diffusion factor of 0.58, but the test data showed it necessary to use better criteria, such as equivalent diffusion ratio.
3 Surge had occurred much earlier than predicted, and the working range was fairly narrow.
4 In the overall performance based on variable stators, the increase in the weight flow was small in the region of large flow side by change of the stator blade setting angles. 5 It is necessary to use the three-dimensional performance calculation method in order to analyze the local performance and surge line.
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